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Objective: Using an organ-culture fetal heart repair model, we explored fetal 
repair in tissues other than dermis. Methods: Wounded fetal mouse hearts 
of 14 and 18 days' gestation (term = 20 days), as well as hearts of 22 days' 
gestation (newborn), were maintained in serum-free medium. Specimens 
were fixed at 2, 7, and 11 days and then processed for histologic examina- 
tion. Small fragments of fetal hearts from all time points were cultured as 
explants. The migration of cells from the periphery of the explants was 
compared at day 4, and the pattern of microfilaments in these cells was 
assessed. Results: In 14-day hearts (n -- 18), tissue architecture was rapidly 
reestablished without an inflammatory response or scarring, constituting 
regenerative repair. In 18-day hearts (n = 18), no reestablishment of 
muscle fibers or wound closure occurred. In the 22-day explants (n = 12) 
the wounds closed by scarring. Cell migration from 14-day explants was 
4.7 --. 2.3 ocular units; from 18-day explants, it was 2.6 - 1.1 ocular units; 
and from 22-day explants, it was 0.9 -+ 0.4 ocular units. Microfilaments of 
14-day cells were arranged at the periphery of the cell consistent with 
cardiomyocytes. Microfilaments of 18- and 22-day cells were arranged in 
parallel arrays (stress fibers) that were consistent with fibroblasts. Conclu- 
sions: We propose that regenerative healing of M-day fetal hearts is by the 
migration of cardiomyocytes. At 18 and 22 days, cardiomyocytes are too 
differentiated and unable to migrate; hence cell migration is limited to 
resident fibroblasts, which are deficient at 18 days but sufficient at 21 days 
to be repaired by the scarring process. (J Thorac Cardiovasc Surg 1997;113: 
880-5) 
S carless wound repair has been demonstrated in numerous models of fetal integumentary wound 
healing, t-4 The response of the midgestational fetal 
dermis to wounding is characterized by a rapid 
restoration of tissue architecture without an acute 
inflammatory reaction and with a limited, highly 
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ordered deposition of collagen fibers to fill the 
defect. As term approaches, this repair process is 
converted to the more adultlike wound healing 
response, with abundant disorganized collagen fi- 
bers filling the defect resulting in the formation of a 
scar. 
Research in fetal healing has been largely con- 
fined to one organ system--the f tal integument. In
addition to the skin, many organ systems figure 
prominently in the care of the surgical patient and 
are not limited to but include the cardiovascular, 
gastrointestinal, nd respiratory systems. The struc- 
tures comprising these systems are frequently in- 
jured or subjected to surgical manipulation and 
incision, and the resulting scar formation in these 
structures may lead to morbidity and mortality. 
Some question exists as to whether the unique 
properties exhibited by the wounded fetal integu- 
ment are conserved in other organ systems, with 
evidence supporting both sides of this argument. 5-7 
A recent study has shown that wounds in fetal lungs 
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Fig. 1. Photomicrographs of organ cultured hearts. A, Wounded 14-day heart after 2 days in culture 
stained with hematoxylin and eosin. Arrows identify the wound site, which is otherwise difficult to 
distinguish from unwounded tissue. B, Cultured 18-day heart harvested 7 days after wounding, stained with 
trichrome stain. Tissue repair is absent, as demonstrated by the open space between the arrows. C, A 
wounded 22-day heart explant (wound located between the arrows), which was maintained for 7 days after 
wounding, stained with trichrome stain. The transition to adult-type healing with scar formation has 
occurred (as shown in the insert), where newly deposited, poorly organized granulation tissue is deposited. 
maintained in organ culture heal in a scarless man- 
8 ner. 
Cardiac explants, both embryonic and postnatal, 
have been successfully maintained in serum-free 
organ culture for periods exceeding 2 weeks by 
means of an organ culture technique described by 
Wildenthal. 9 Myocardium is often subjected to sur- 
gical incision and reapproximation. Scar formation 
in the heart may have deleterious consequences, 
primarily because of the development of arrhythmo- 
genic focL The heart has a large proportion of 
parenchymal cells relative to fibroblasts. The rela- 
tive ease of following its viability owing to its 
contractile activity makes it an excellent organ to 
study in an organ-culture model of nonintegumen- 
tary wound healing. 
Materials and methods 
Organ procurement. All animal use was conducted 
under protocols approved by the sponsoring institu- 
tion's animal utilization committee. All procedures 
were in accordance with recommendations of the Panel 
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Table I. Summary of histologic analysis from heart explants in culture for 2, 7, or 11 days 
Duration of" culture 
Gestational period 2 days 7 days 11 days 
14 days (n = 18) (beating hearts/total) 6/6 6/6 6/6 
Histology Healed Healed Healed 
18 days (n = 18) (beating hearts/total) 6/6 6/6 4/6 
Histology Incomplete healing Incomplete healing Incomplete healing 
22 days (n = 12) (beating hearts/total) 4/4 3/4 3/4 
Histology Incomplete healing Collagen scar Collagen scar 
Table II. Cell outgrowth from heart explants 4 days 
in culture 
Circumference 
Explant Explant age of outgrowth Cell migration 
No. (days) (degrees) (ocular units) 
11 14 280 _+ 105 4.7 -+ 2.3* 
11 18 133 _+ 82 2.6 _+ 1.1~" 
6 22 158 _+ 113 0.9 _+ 0.4 
*p - 0.01 compared with 22-day explants. 
?p = 0.01 compared with 14-day explants. 
on Euthanasia of the American Veterinary Medical 
Association and were in compliance with the "Princi- 
ples of Laboratory Animal Care" formulated by the 
National Society for Medical Research and the "Guide 
for the Care and Use of Laboratory Animals" prepared 
by the Institute of Laboratory Animal Resources and 
published by the National Institutes of Health (NIH 
Publication No. 86.23, revised 1985). 
Time-dated pregnant CD-1 mice (Charles River Labo- 
ratories, Wilmington, Mass.) were killed by cervical dislo- 
cation 14 and 18 days after conception (term = 20 days). 
Laparotomy and hysterectomy were performed, and the 
gravid uterus was placed in ice-cold sterile Hanks bal- 
anced salt solution (Gibco, Grand Island, N.Y.). Within a 
laminar flow hood, with the use of sterile technique, 
individual fetuses were dissected from their amniotic 
membranes and decapitated. Under a dissecting micro- 
scope, a median sternotomy was performed and the 
thoracic contents were delivered into the field. This 
allowed identification and dissection of the fetal heart. 
After removal of attached structures, including the lungs 
and great vessels, hearts were allowed to equilibrate for 15 
to 20 minutes in iced Hanks solution. Additional 2-day-old 
pups (22 days' gestation) underwent decapitation, after 
which their hearts were removed in a manner identical to 
that for the fetal hearts. 
Organ culture. Organ culture dishes, 60 mm × 15 
mm, (No. 3037 Falcon, Lincoln Park, N.J.), containing 
a central well surrounded by an outer well, had their 
outer well filled with sterile water to maintain a humid 
environment. Sterile stainless teel wire mesh triangles 
(Industrial Wire Products, Pasadena, Calif.) were 
placed over the central well, which was filled with 
culture medium. The organ culture dishes were placed 
into 100 mm × 20 mm Petri dishes (No. 1005 Falcon). 
The medium consisted of BGJb (Gibco), supplemented 
with penicillin G 100 U/ml, streptomycin 0.1 mg/ml, 
amphotericin B 0.25 gm/ml, and sodium ascorbate 1 
mg/ml at a pH of 7.4 to 7.5. 
After removal from the fetus or newborn, hearts were 
placed onto small membrane squares with 0.8 p~m pores 
(Millipore, Bedford, Mass.). With the use of a microscal- 
pel, full-thickness linear incisions were created in the right 
ventricle of the heart directed perpendicular to the long 
axis of the organ. Wound edges remained well opposed 
because of surface tension and the splinting action of the 
underlying membrane. The wounded heart on the mem- 
brane was subsequently placed onto the wire screen in the 
organ culture well and incubated at 37 ° C in 95% air/5% 
carbon dioxide in a water-saturated nvironment. The 
culture medium was changed daily, at which time the 
hearts were examined for signs of contractile activity and 
visual contamination. 
Two, 7, and 11 days after wounding, specimens were 
fixed in 10% formalin. After being embedded in paraffin, 
5 txm sections were stained with hematoxylin and eosin 
and Masson's trichrome stains. 
Delayed wounding. Additional (n = 12) 14-day gesta- 
tion unwounded fetal hearts, harvested as previously 
described, were placed onto membranes and cultured for 
4 days under the conditions described herein. At the time 
of medium exchange on day 4 after harvest, a full- 
thickness right ventricular wound was created, as de- 
scribed earlier. The hearts were returned to the incubator, 
and culture was continued under the same conditions that 
existed before wounding. Organs were fixed on days 2 and 
7 after wounding and were processed for histologic study 
as described earlier. 
Cell migration studies. Murine heart explants were 
established at 14, 18, and 22 days of gestation by 
dissecting the heart into small pieces and placing these 
pieces on 22 × 22 mm glass coverslips. The heart 
explants on the coverslips were then placed in 35 mm 
Petri dishes (No. 1008 Falcon) with 2 ml of Dulbecco's 
modification of Eagle's medium supplemented with 
10% fetal bovine serum and with gentamicin, 10 mg/ml, 
for 4 days at 37 ° C with 95% air and 5% carbon dioxide. 
On day 4, the distance migrated by cells from the 
explant edge was measured with the use of a dissecting 
microscope with a grid mounted in the eyepiece. The 
greatest distances traveled were recorded in ocular 
units along with the circumference of the explant 
displaying cell migration. 
In addition, glass coverslips were fixed for 5 minutes in 
4% paraformaldehyde at a pH adjusted to 7.4 in 
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Na2HPO4, 10 mmol/L, and NaCI, 140 mmol/L. The cov- 
erslips were washed and the cells were permeabilized in 
0.1% octyphenoxy polyethoxyethanol (Triton X100, 
Union Carbide Corp., Danbury, Conn.) for 60 seconds 
before being stained with rhodamine-phalloidin (Molecu- 
lar Probes, Eugene, Ore.) diluted 1:200. Coverslips were 
mounted and viewed with an Olympus IMT-2 microscope 
(Olympus America, Inc., Melville, N.Y.) equipped with 
fluorescent optics. Photomicrographs were made with 
Ektachrome ASA 200 film (Eastman Kodak, Rochester, 
N.Y.). 
Results 
Organ culture. All specimens appeared morpho- 
logically intact at the time of fixation, without evi- 
dence of microbial contamination. During the 11 
days of organ culture all of the 14-day hearts con- 
tinued to beat with an organized contractile rhythm. 
In all of the 14-day hearts (n = 18), tissue architec- 
ture was reestablished by 2 days. An inflammatory 
response was not observed, and collagen fiber dep- 
osition did not occur even i  hearts cultured for 11 
days after wounding (Fig. 1, A). 
Sixteen 18-day hearts of a total of 18 were beating 
at the times of fixation (2, 7, and 11 days). Histolog- 
ically, the 18-day specimens lacked an ordered re- 
constitution of muscle fibers and an incomplete 
bridging of the wound site by cardiomyocytes. Col- 
lagen deposition was not observed in this group by 
trichrome staining (Fig. 1, B). 
Ten 22-day hearts of a total of 12 were beating at 
fixation (2 and 7 days). These hearts demonstrated 
repair of their wounds by scarring, with granulation 
tissue and collagen accumulating at the wound site 
by 7 days (Fig. 1, C). The insert shows the deposition 
of granulation tissue in the wound site of the heart. 
(Table I). 
In the 14-day hearts subjected to delayed wound- 
ing (n = 12), a reconstitution of tissue architecture 
occurred by 48 hours, the same as in hearts receiving 
wounds at the time of harvest. No collagen fiber 
deposition was observed by trichrome staining in 
this experimental set, even in hearts maintained in 
culture for 7 days after wounding. 
Cell migration studies. Cells grew out from 14- 
day murine heart explants in greater numbers and 
traveled greater distances than cells from 18- and 
22-day routine heart explants (Table II). The groups 
were compared by means of analysis of variance. 
Dunnett's test for multiple comparisons was used to 
determine significance. The 14-day murine heart 
explants howed cell growth from about hree quar- 
ters of the circumference of the explant, which 
Fig. 2. Outgrowth of cells from murine heart explants. A 
14-day murine heart explant showing cell outgrowth from 
the edge of the explant in the direction of the arrow. Note 
the distance the cells migrated and the circumference of 
the explant edge involved in outgrowth. 
migrated 1.8 times further than that of the 18-day 
explants and five times further than that of the 
22-day explants. The 18-day and 22-day murine 
heart explants howed growth from less than half of 
the circumference of the explant. The migration of 
cells from the 14-day explants was greater in terms 
of more cells of the explant involved in the process 
and the greater distance traveled. The differences 
were statistically significant (see Table II). 
The cells growing out from the 14-day explants 
tended to migrate as an intact, continuous sheet of 
cells (Fig. 2). The patterns of cell outgrowth of the 
18-day and 22-day explants were more dispersed. 
Phalloidin-stained xplants revealed that the 14-day 
actin filaments were arranged at the cell periphery, 
characteristic of cardiomyocytes (Fig. 3, A). In con- 
trast, the 18-day and 22-day migrating cells showed 
actin filaments as thick bundles of microfilaments 
(stress fibers) running as parallel arrays in the long 
axis of the cell, a morphologic pattern typical of 
fibroblast-like cells (Fig. 3, B). 
Discussion 
Several factors common to nonintegumentary or-
gans suggest hat they may exhibit a different re- 
sponse to injury than the skin. Nonintegumentary 
organs contain parenchymal cells unique to that 
system, and fibroblasts, the predominant cell type in 
the integument, comprise a relatively small percent- 
age of the total cells in nonintegumentary organs. In 
addition, the fetal integument exists in a relatively 
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Fig. 3. Actin filament fluorescent staining of 4-day murine heart explant outgrowth. A, A 14-day heart 
explant showing an intact sheet of c lls growing from the edge of the explant with phalloidin-stained actin 
stress fibers at the periphery of the cells. B, A monolayer of cells growing out from an 18-day murine heart 
explant showing more randomly arranged cells having actin stress fibers running in parallel arrays along the
long axis of the cell. (Original magnifications × 120.) 
protected environment where it is not required to 
function as a barrier against invading microorgan- 
isms or other injurious environmental gents. In 
contrast, other organs such as the heart and 
kidneys begin to function relatively early in ges- 
tation and are critically important to normal 
embryonic development. With this in mind, we 
can postulate that such "functioning" organs may 
demonstrate different properties of healing than 
the fetal integumentary s stem. As demonstrated 
by these experiments, however, midgestational, 
14-day murine fetal hearts exhibit the ability to 
repair incisional wounds in a regenerative fashion, 
much the same as dermis of a similar age. As in 
the dermis, this ability is lost as gestation 
progresses. Furthermore, from the results of the 
delayed wounding experiments, it appears that 
this ability of fetal hearts to repair by regenera- 
tion depends solely on the local tissue environ- 
ment. After 4 days of culture with daily media 
changes, factors transported from the circulation 
to the wound site would have been dissipated. 
The myocardial explant experiments suggest that 
the regenerative repair of the 14-day wound is 
accomplished by cardiomyocytes migrating into the 
defect. It is hypothesized that by gestational day 18, 
cardiomyocytes are too differentiated to migrate 
into the wound and that fibroblast migration into the 
defect is needed to fill the defect. Fibroblast popu- 
lations associated with the 18-day heart may be too 
sparse and their numbers too small to successfully 
proliferate, migrate, and fill the defect. By day 22, 
cardiomyocytes of murine heart explants are also 
too differentiated to migrate into the defect, but 
fibroblast populations are sufficient in numbers to 
migrate, proliferate, and participate in repairing the 
defect. 
The similarities of the ontogeny of cardiac repair 
in organ culture to that of the dermis suggest hat 
applications of experimental treatments to dermis 
might be used to modify wound healing in nonin- 
tegumentary organs. It has been suggested that a 
reduction in scarring can be produced by the admin- 
istration of neutralizing antibodies to transforming 
growth factor-/3, j° In a similar fashion, Houghton, 
Keefer, and Krummel TM 12 have used the limb ex- 
plant system to reduce scarring in late-gestation 
limbs by the application of antibodies to platelet- 
derived growth factor and transforming rowth fac- 
tor-/3. A better understanding of the molecular 
events that control scar formation may allow the 
wound environment to be manipulated to promote 
healing by regeneration. 
Of particular interest is the ability of the midges- 
tational myocardium to retain a capacity for regen- 
erative healing despite several days in a culture 
system consisting of a chemically defined serum-free 
medium. It has recently been shown that fetal 
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cardiomyocytes can be transplanted to an adult host, 
with a satisfactory tolerance of this graft] 3 
The unique properties of wound repair exhibited 
by fetal dermis seem to be operational in myocar- 
dium as well. Further work will be directed toward 
determining whether other fetal organs demonstrate 
a similar propensity for scarless repair and whether 
this unique mechanism of fetal tissue repair can be 
used to improve the healing of internal organs in 
both surgical and traumatic injury in the adult 
patient. 
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